Expression of Dickkopf-1 (Dkk-1), a secreted protein that negatively modulates the Wnt pathway, was induced in the hippocampus of gerbils and rats subjected to transient global cerebral ischemia as well as in cultured cortical neurons challenged with an excitotoxic pulse. In ischemic animals, the temporal and regional pattern of Dkk-1 expression correlated with the profile of neuronal death, as assessed by Nissl staining and Dkk-1 immunostaining in adjacent hippocampal sections. Treatment of ischemic animals with either Dkk-1 antisense oligonucleotides or lithium ions (which rescue the Wnt pathway acting downstream of the Dkk-1 blockade) protected vulnerable hippocampal neurons against ischemic damage. The same treatments protected cultured cortical neurons against NMDA toxicity. We conclude that induction of Dkk-1 with the ensuing inhibition of the canonical Wnt signaling pathway is required for the development of ischemic and excitotoxic neuronal death.
Introduction
Wnts are a family of secreted glycoproteins that bind to the 7-transmembrane receptors, Frizzled, and coreceptors that correspond to low-density lipoprotein receptor-related protein 5 (LRP5) and LRP6 (Dale, 1998) . Activation of the canonical Wnt signaling pathway leads to inhibition of glycogen synthase kinase-3␤ (GSK-3␤) by dissociating the enzyme from a multiprotein complex that involves axin, adenomatous polyposis coli, and ␤-catenin (Willert and Nusse, 1998) and via phosphorylation of GSK-3␤ on Ser9 Fukumoto et al., 2001) . This results in the stabilization of the unphosphorylated form of ␤-catenin, which is no longer targeted for degradation by the proteasome and is then made available for its transcriptional function (Hinck et al., 1994; Aberle et al., 1997; Willert and Nusse, 1998) . GSK-3␤ phosphorylates, and thereby regulates, the function of metabolic, signaling, and structural proteins and transcription factors (for review, see Grimes and Jope, 2001) .
Recent evidence indicates that abnormalities of Wnt signaling might be involved in human brain diseases, including autism (Wassink et al., 2001) , schizophrenia (Cotter et al., 1998; Miyaoka et al., 1999; Dean, 2002) , and Alzheimer's disease (De Ferrari and Inestrosa, 2000; Garrido et al., 2002; Inestrosa et al., 2002; Caricasole et al., 2003 Caricasole et al., , 2004 De Ferrari et al., 2003) and in the development of brain tumors (for review, see Howng et al., 2002) . In addition, factors that induce GSK-3␤ phosphorylation on Ser9, and therefore inhibit the enzyme, support neuronal survival (M. Hashimoto et al., 2002) , whereas an increase in activity of GSK-3␤ promotes neuronal degeneration (Chen et al., 2004) . GSK-3␤ inhibitors, including lithium ions, attenuate neurodegeneration after trophic withdrawal, oxygen-glucose deprivation, excitotoxicity, and focal ischemia Chalecka-Franaszek and Chuang, 1999; Bhat et al., 2000; Hetman et al., 2000; Xu et al., 2003; Kelly et al., 2004; Ma et al., 2004) . Neuroprotection may follow the increased stability of ␤-catenin, which either translocates to the nucleus and activates genes that regulate neuronal homeostasis (Willert and Nusse, 1998) or is targeted to synapses (Murase et al., 2002) .
The canonical Wnt pathway is negatively modulated by the secreted protein Dickkopf-1 (Dkk-1), which binds to LRPs, thus preventing their interaction with Wnts (Zorn, 2001; Mao et al., 2002; Grotewold and Ruther, 2002a,b) . The Dkk-1 gene is a transcriptional target of the tumor-suppressing protein, p53 (Wang et al., 2000) , which acts as a major sensor of DNA damage in mammalian cells. An increased expression of p53 may promote either DNA repair or the execution phase of apoptotic death depending on the extent of DNA damage (Hofseth et al., 2004; Slee et al., 2004) . Hence, induction of Dkk-1 might represent a component of the sequence of events leading to neuronal death (Caricasole et al., 2003) . We recently found an induction of Dkk-1 in cultured neurons challenged with ␤-amyloid peptide as well as in degenerating neurons of the Alzheimer's brain (Caricasole et al., 2004) . We now report that Dkk-1 is also induced in neurons subjected to excitotoxic or ischemic insults and is required for the development of ischemic neuronal damage.
Materials and Methods
Mixed cortical cultures. Mixed cortical cell cultures containing both neurons and astrocytes were prepared from fetal CD1 mice (Charles River, Calco, Italy) at 14 -16 d of gestation, as described previously (Rose et al., 1992) . Briefly, dissociated cortical cells were plated in 15 mm multiwell vessels (Falcon Primaria, Lincoln Park, NJ) on a layer of confluent astrocytes (7-14 d in vitro) using a plating medium of MEM-Eagle's salts (supplied glutamine free) supplemented with 10% heat-inactivated horse serum, 10% fetal bovine serum, glutamine (2 mM), and glucose (final concentration, 21 mM). Cultures were kept at 37°C in a humidified 5% CO 2 atmosphere. After 3-5 d in vitro, nonneuronal cell division was halted by 1-3 d of exposure to 10 M cytosine arabinoside, and cultures were shifted to a maintenance medium identical to plating medium but lacking fetal serum. Subsequent partial medium replacement was performed twice each week. Only mature cultures (13-14 d in vitro) were used for the experiments.
Exposure of cortical cultures to excitatory amino acids, lithium chloride, and Dkk-1 antisense. Brief exposure to NMDA (10 min; 30 -60 M) was performed in mixed cortical cultures at room temperature in a HEPES-buffered salt solution containing the following (in mM): 120 NaCl, 5.4 KCl, 0.8 MgCl 2 , 1.8 CaCl 2 , 20 HEPES, and 15 glucose. After 10 min, the excitotoxin was washed out, and cultures were incubated at 37°C for the next 24 h in medium stock (MEM-Eagle's supplemented with 15.8 mM NaHCO 3 and Ͻ25 mM glucose). In a set of experiments, "end-capped" phosphorothioate mouse Dkk-1 antisense (5Ј-cgGTCTCTGTGATTTggC-3Ј) or sense (5Ј-gcCAAATCACAGAGAccG-3Ј) oligonucleotides (both at 1.5 M; Invitrogen, Milan, Italy) were preincubated for 16 h before performing the NMDA pulse and applied again afterward. In another set of experiments, at the end of the NMDA pulse, cultures were exposed to 10 mM LiCl for the next 24 h and then assessed for excitotoxicity. Finally, in additional experiments, cultures were treated with 10 or 100 ng/ml human recombinant Dkk-1 (R & D Systems, Minneapolis, MN), either combined with NMDA or added immediately after the NMDA pulse. In control conditions, Dkk-1 alone was added for 10 min or 24 h. Cultures were assessed for excitotoxic degeneration 24 h after the NMDA pulse. Protein extracts deriving from sister cultures exposed to sense or antisense were used for assessment of Dkk-1 expression, ␤-catenin, and phosphorylated GSK-3␤ levels by Western blot analysis 6, 8, and 24 h after the NMDA pulse.
Assessment of in vitro neuronal injury. Neuronal injury was estimated in all experiments by examination of cultures with phase-contrast microscopy at 100 -400ϫ, 1 d after the insult, when the process of cell death was essentially complete. Neuronal damage was quantitatively assessed in all experiments by estimation of dead neurons by trypan blue staining. Stained neurons were counted from three random fields per well. Neuronal injury was also assessed by measuring the activity of lactate dehydrogenase (LDH) released from damaged or destroyed cells into the extracellular medium 1 d after the addition of the excitotoxin.
Transient global ischemia in mongolian gerbils. Seven-week-old mongolian gerbils (body weight, 70 Ϯ 6 g; Charles River) were housed in a temperature-and light-controlled environment with a 12 h light/dark cycle. Transient global ischemia was induced by clumping both carotids for 5 or 6 min. Body temperature was maintained at 37°C (with a rectal thermistor and heat lamp during and after the induction of global ischemia). Sham-operated gerbils in which carotid arteries were not occluded were considered to be controls. Animals were killed at 6 h, 24 h, 3 d, and 7 d after reperfusion, and brains were processed for histological assessment of neuronal hippocampal degeneration and for immunohistochemistry. To assess the neuroprotective activity of lithium, animals received an intraperitoneal injection of lithium chloride (1 mEq/kg every 12 h) for 7 d before the induction of ischemia and for the next 3 or 7 d. Animals were killed 3 d after ischemia. Separate groups of animals were also treated intracerebroventricularly (12 nmol/2 l) 24 and 1 h before the induction of ischemia and once daily for the next 3 d with the endcapped phosphorothioate "universal" Dkk-1 antisense (which recognizes rat, mouse, and human Dkk-1) oligonucleotide 5Ј-TAcAGATCTTGGACcAgA-3Ј or with the phosphorothioate universal Figure 1 . A, Temporal profile of Dkk-1 expression in the hippocampus of gerbils subjected to 5 min of global ischemia. Nissl staining and Dkk-1 immunostaining in adjacent sections of the CA1 and CA3 regions of a representative animal at different times after ischemia are shown. Nissl staining of the entire hippocampus is also shown. An identical Dkk-1 expression profile was found in all animals examined (n ϭ 6). Western blot analysis of Dkk-1 in the entire hippocampus of ischemic gerbils is shown in B. Expression in the rat liver is shown as a positive control. Values are means Ϯ SEM (n ϭ 5) and were determined by densitometric scan analysis. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD, when compared with control (Ctrl) values. Sham-operated animals were always considered controls.
Dkk-1 sense 5Ј-TCtGGTCCAAGATCtGtA-3Ј (Invitrogen, Milan, Italy). Animals were killed 3 d after the induction of ischemia. Independent groups of animals were used for histological/immunohistochemical analysis and for Western blot analysis.
Rat global ischemia. Age-matched, adult male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA), weighing 100 -125 g, were maintained in a temperature-and light-controlled environment with a 14/10 h light/dark cycle and were treated in accordance with the principles and procedures of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Rats were fasted overnight and, on the day of surgery, were subjected to sham operation (control animals) or global ischemia (10 min) by four-vessel occlusion, according to the study by Pulsinelli and Brierley (1979) . Briefly, animals were anesthetized with halothane (induction, 2%; maintenance, 0.5-1%). The vertebral arteries were subjected to electrocauterization; common carotid arteries were exposed and isolated with a 3-0 silk tread, and the wound was sutured. After 24 hr, the wound was reopened and carotid arteries were occluded (10 min), followed by reperfusion. Arteries were visually inspected to ensure adequate reflow and then anesthesia was discontinued. For sham operation, animals were subjected to the same anesthesia and surgical procedures, except that carotid arteries were not occluded. Body temperature was maintained at 37°C (with a rectal thermistor and heat lamp during and after the induction of global ischemia). Animals were killed at 6, 12, 24, 48, and 72 h from the time of occlusion. One group of animals received intraperitoneal injections of lithium chloride (1 mEq/kg every 12 h) for 7 d before the induction of ischemia and then for the next 3 d. Different groups of animals were used for histological/ immunohistochemical analysis and biochemical analysis. Hippocampal subfields [CA1 region and dentate gyrus (DG)] were microdissected, and protein and total RNA extracts were processed for Western blot analysis and PCR, respectively.
Immunohistochemistry. Dissected brains were fixed in Carnoi, embedded in paraffin, and sectioned at 10 m. Deparaffinized sections were soaked in 3% hydrogen peroxide to block endogenous peroxidase activity. Sections were incubated overnight with monoclonal mouse antibody anti-p53 (0.5 g/ml; Ventana Medical Systems, Tucson, AZ) or goat polyclonal antiDkk-1 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA) and then for 1 h with secondary biotinylated anti-mouse or anti-goat antibodies (1: 200; Vector Laboratories, Burlingame, CA), respectively. For p53, before immunostaining, the sections were placed in MS Unmasker buffer (1:10; Ventana Medical Systems) and heated in a microwave at 750 W until boiling and then at 350 W for 30 min. 3,3Ј-Diaminobenzidine tetrachloride was used for detection (ABC Elite kit; Vector Laboratories). Control staining was performed without the primary antibodies.
Histology and quantitative analysis. Dissected brains were processed as described above. Sections (10 m) were processed for staining with thionin (Nissl staining). To assess hippocampal injury, the number of surviving neurons in the pyramidal layer of the medial CA1 region was counted under a light microscope at 20ϫ magnification. Neurons with a rounded shape similar to that commonly observed in sections from control animals were considered to be viable.
Reverse transcriptase-PCR analysis. Total RNA extracted from the hippocampal CA1 region of rats subjected to transient global ischemia (four-vessel occlusion model), at 24 and 48 h from the time of occlusion, was subjected to DNaseI treatment (Boehringer Mannheim, Mannheim, Germany) according to the instructions of the manufacturer. Total RNA/sample (1 g) was then used for cDNA synthesis using SuperScriptII (Invitrogen) and an oligo-dT primer according to the instructions of the manufacturer. Each reverse transcriptase (RT) product was diluted to 100 l with sterile water, and 1 l of cDNA was used in each subsequent amplification. Amplification of Dkk-1 was performed using the following primers for rat Dkk-1: forward, 5Ј-AATCTGCCTG-GCTTGCCGAA-3Ј; reverse, 5Ј-GTGGAGCCTGGAAGAATTGC-3Ј. ␤-Actin cDNA amplification was performed by using a pair of primers (Roelen et al., 1994) , which span an intron and yield products of different sizes depending on whether cDNA or genomic DNA is used as a template (400 bp for a cDNA-derived product and 600 bp for a genomic DNAderived amplification). PCR products were separated by electrophoresis on a 1% agarose gel poured and run in 1ϫ Tris-acetate-EDTA buffer and visualized under UV light.
Western blot analysis. Western blot analysis of Dkk-1 expression was performed in protein extracts of mixed cortical cultures and in protein lysates obtained from the entire hippocampus of gerbils or rats subjected to transient global ischemia, as reported previously (Copani et al., 2002) . Dkk-1 protein (35 kDa) was detected with a goat polyclonal antibody (2 g/ml; #SC-14949; Abcam, Milan, Italy). Phosphorylated and total ␤-catenin levels and GSK-3␤ phosphorylated at Ser9 [P-GSK-3␤(Ser9)] levels were examined in rats subjected to global ischemia. Total ␤-catenin, P-GSK-3␤(Ser9), and LRP5/LRP6 levels were also examined in mixed cortical cultures. Where indicated, nuclear and cytosolic fractions were isolated by differential centrifugation using a commercially available kit (Pierce, Rockford, IL) (Calderone et al., 2003) . The purity of the fractions was verified with an antibody against the nuclear protein poly(ADP-ribose) polymerase (H-250; Santa Cruz Biotechnology). The following antibodies were used: mouse ␤-catenin (1:1000; #A6290; BD Transduction Laboratories, Beverly, MA), rabbit phospho-␤-catenin (Thr41/Ser45) (1:1000; #9565; Cell Signaling Technology, Lexington, KY), rabbit P-GSK-3␤(Ser9) (1:1000; #9336; Cell Signaling Technology), and mouse LRP5/LRP6 (1:1000; #3801-100; Biovision, Mountain View, CA). Immunoreactive bands were revealed by ECL (Amersham Biosciences, Milan, Italy).
Results

Induction of Dkk-1 in the gerbil model of global ischemia
We examined the correlation between neuronal damage and Dkk-1 expression in hippocampal subfields of gerbils subjected to transient global ischemia. A 5 min bilateral carotid occlusion led to a selective degeneration of the CA1 and CA2 regions, as shown by Nissl staining. Neuronal death in the CA1 region was detectable 3 d after ischemia and became substantial at 7 d, when neurons of the CA2 region were also damaged. Neurons of the CA3 region and DG were spared (Fig.  1A) . Immunohistochemical analysis in adjacent sections showed an early expression of Dkk-1 in CA1 neurons, which was already detectable after 6 h of reperfusion, peaked at 24 h, and started to decline at 3 d (Fig. 1A) . No expression of Dkk-1 was detectable in the CA3 region (Fig. 1 A) and DG (data not shown) after 5 min of ischemia. An increased expression of Dkk-1 was also observed in non-neuronal cells and blood vessels of the CA1 and CA3 regions from ischemic animals (Fig. 1A) , which may represent an early reaction of glial cells and endothelial cells to ischemia. Western blot analysis performed in the entire hippocampus of separate groups of ischemic gerbils showed an increased expression of Dkk-1 at 6 h, 24 h, and 3 d, which was no longer detectable at 7 d after ischemia (Fig. 1B) . To examine whether a drug that could rescue the Wnt pathway acting downstream of the Dkk-1 block could be protective against ischemic damage, we treated gerbils with lithium ions, which are known to inhibit GSK-3␤ (for review, see Bhat et al., 2004) . Gerbils subjected to a 5 min ischemia were injected with LiCl (1 mEq/kg, i.p.) every 12 h for 7 d before the onset of ischemia and then for the next 3 or 7 d. Lithium treatment protected CA1 neurons against ischemic death. Protection was substantial, albeit partial, when neuronal damage was assessed 3 d after ischemia, and was maintained in animals killed 7 d after ischemia ( Fig. 2A,B) . We also examined the action of lithium in gerbils subjected to 6 min of ischemia. In these animals, CA1 neurons were extensively damaged after 3 d, when a small damage of CA3 neurons was also observed (Fig.  3A) . Dkk-1 expression was increased in CA1 neurons at 6 -72 h after ischemia (Figs. 3C, 4 ) and also in CA3 neurons at 72 h after ischemia (data not shown). Repeated injections of LiCl (1 mEq/kg, i.p.; every 12 h for 7 d before the onset of ischemia and then for the next 3 d) delayed the development of neuronal death in the CA1 and CA3 regions of ischemic gerbils without reducing the expression of Dkk-1 (Fig. 3A-C) . Neuroprotection was lost in gerbils killed 4 d after the end of lithium treatment (i.e., 7 d after the 6 min ischemia) when, however, the selective vulnerability typical of this model was lost and a severe neuronal damage was observed across all hippocampal subfields (data not shown). We used gerbils subjected to severe ischemia (i.e., 6 min of ischemia), and the animals were killed after 3 d to examine the direct relationship between Dkk-1 expression and neuronal death. Animals were treated with a Dkk-1 antisense oligonucleotide corresponding to highly conserved DNA sequence present in the rat, mouse, and human Dkk-1 gene. The corresponding Dkk-1 sense oligonucleotide was used as a control. Both Dkk-1 antisense and sense oligonucleotides (12 M/2 l) were injected intracerebroventricularly 24 and 1 h before the onset of ischemia and then once per day for the next 3 d. Antisense treatment was associated with a full protection of CA1 neurons against ischemic damage (assessed at 3 d), an effect that was associated with the lack of Dkk-1 expression (Fig. 4A,B) . We extended the immunohistochemical analysis to the tumor-suppressing protein, p53, the levels of which are known to increase during the development of ischemic neuronal damage (McGahan et al., 1998; Tomasevic et al., 1999) . A clear-cut increase in the expression of p53 was detected in degenerating neurons of ischemic gerbils treated with saline or with the Dkk-1 sense oligonucleotide. Interestingly, p53 expression was also increased (albeit to a lesser extent) in neurons rescued by the antisense treatment at 3 d after ischemia (Fig. 4) , suggesting that Dkk-1 induction is a necessary requirement for the execution of a death program in neurons expressing p53.
Induction of Dkk-1 in rats subjected to global ischemia by four-vessel occlusion
In rats subjected to 10 min of global ischemia, there was no histologically detectable neuronal death in any hippocampal subfield at 2 d, whereas a selective neuronal loss was observed in CA1 neurons at 7 d after reperfusion; CA3 and DG neurons showed no damage (data not shown) (Calderone et al., 2003; Tanaka et al., 2004) . Immunohistochemical analysis in sham-operated rats showed a low constitutive expression of Dkk-1 (particularly in the CA1 region), which was absent in control gerbils (compare the control immunostaining in the CA1 region in Figs. 1 and 5A) . A substantial increase in Dkk-1 immunoreactivity was detected in CA1 neurons at 24 h after ischemia. Dkk-1 expression also increased in CA3 neurons, albeit to a lesser extent. No Dkk-1 immunostaining was detected at 3 d, perhaps because of the extensive neuronal loss in the CA1 region (Fig. 5A) . No increase in Dkk-1 expression was seen in non-neuronal cells in the rat model of global ischemia. Western blot analysis showed an increased expression of Dkk-1 in microdissected CA1 region at 24 and 48 h after ischemia (i.e., at times that preceded neuronal death) (Fig.  5B) ; no increase in Dkk-1 expression was detected in the DG at any time (Fig. 5C ). Using the four-vessel occlusion model, we could also measure the expression of Dkk-1 mRNA, because the rat Dkk-1 gene sequence is available. RT-PCR analysis showed an increased expression of Dkk-1 mRNA at both 24 and 48 h after ischemia (Fig. 5D) . We extended the analysis to the levels of ␤-catenin, a protein that lies downstream within the canonical Wnt signaling pathway. A Wnt-mediated inhibition of GSK-3␤ enhances the stabilization of ␤-catenin, which translocates to the nucleus and regulates gene expression (Hinck et al., 1994; Aberle et al., 1997; Willert and Nusse, 1998) . Thus, nuclear levels of ␤-catenin are reliable indicators of the activity of the Wnt pathway. Nuclear ␤-catenin levels were markedly reduced in the CA1 region at 12, 24, and 48 h after ischemia (Fig. 6 A) . This was associated with a relative increase in the nuclear levels of phosphorylated ␤-catenin (on Thr41 and Ser45) (Fig. 6 B) . No changes in total (Fig. 6C ) or phosphorylated (data not shown) ␤-catenin levels were found in the cytoplasmic fraction prepared from the CA1 region of ischemic gerbils. Assessment of the Ser9 phosphorylated, inhibited form of GSK-3␤ showed an early and transient reduction at 12 h after ischemia in the nuclear fraction (Fig. 6 E) . Levels of Ser9 phosphorylated GSK-3␤ were also transiently reduced in the cytoplasmic fraction but at a later time (24 h) after ischemia (Fig. 6 D) . No changes in the total levels of GSK-3␤ were observed up to 24 h after ischemia, whereas 22 and 34% reductions were seen in the cytoplasmic and nuclear fractions at 48 h after ischemia (data not shown). Using the same experimental protocol adopted in ischemic gerbils, we treated rats with LiCl (1 mEq/kg, i.p.) every 12 h for 7 d before ischemia and then for the next 3 d. This treatment partially protected CA1 neurons against ischemic death (Fig. 7 A, B) .
Induction of Dkk-1 is associated with excitotoxic neuronal death in culture
We used mixed cultures of mouse cortical cells in which neurons were plated over a monolayer of confluent astrocytes. These cultures are widely used for studies of excitotoxic neuronal death, because they offer the advantage of preserving the physiological interplay between neurons and astrocytes. We have shown previously that cortical neurons in culture express the mRNA for various members of the Wnt glycoprotein family and for the Wnt coreceptors Frizzled-1 to Frizzled-9 and LRP5 and LRP6 (Caricasole et al., 2004) . Mixed cultures of cortical cells expressed high levels of the Wnt/Dkk-1 membrane coreceptor, LRP5/LRP6, as detected by Western blot analysis (Fig.  8 A) . Expression was much lower in extracts from pure cultures of mouse astrocytes (Fig. 8 A) , suggesting that neurons are the main source of LRP5/LRP6 in mixed cultures. Cultures were exposed to a 10 min pulse with NMDA at concentrations that induce ϳ50 -60 and 30% of neuronal death (60 and 30 M, respectively). In typical experiments, neuronal death becomes detectable ϳ12 h after the toxic pulse, as assessed by trypan blue staining and LDH release. Western blot analysis showed an increased production of Dkk-1 at both 6 and 24 h after the NMDA pulse (Fig. 8 B) . Cultures were treated with a Dkk-1 antisense oligonucleotide designed on mouse Dkk-1 cDNA (1.5 M; preincubated for 16 h before the excitotoxic pulse and maintained for the next Figure 4 . A, Nissl staining, Dkk-1 immunostaining, and p53 immunostaining in the CA1 region of control (Ctrl) gerbils and ischemic gerbils treated intracerebroventricularly with saline (indicated as ischemia alone), Dkk-1 antisense oligonucleotides (Dkk-1-As), or Dkk-1 sense oligonucleotides (Dkk-1-S) (both injected at a dose of 12 nmol/2 l, 24 and 1 h before ischemia, and then once daily for the next 3 d). Animals were subjected to 6 min of ischemia and killed 3 d later. Neuronal counts: one-way ANOVA plus Fisher's PLSD versus controls. Note in Figure 2 A that p53 expression was increased in CA1 neurons of gerbils treated with Dkk-1-As. Identical results were obtained in all gerbils examined (n ϭ 6 per group). Western blot analysis of Dkk-1 in separate groups of gerbils treated with Dkk-1-As and Dkk-1-S is shown in C. Values are means Ϯ SEM of four to five determinations. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus control gerbils.
24 h) to examine the causal relationship between Dkk-1 induction and neuronal death. Antisense treatment attenuated neuronal death induced by 30 or 60 M NMDA (Fig. 8C ) and lowered the expression of Dkk-1 in NMDA-treated cultures (Fig. 8 B) . The respective Dkk-1 sense oligonucleotide (1.5 M; applied similarly to the Dkk-1 antisense) did not produce any of these effects (Fig. 8 B, C) . Treatment with 10 mM LiCl (added to the cultures immediately after the NMDA pulse) also reduced NMDA toxicity (Fig. 8C) . We also assessed the expression of ␤-catenin and P-GSK-3␤(Ser9) in mixed cultures at 8 h after the NMDA pulse. NMDA induced a substantial reduction in the total levels of ␤-catenin in the nuclear and cytoplasmic fraction, whereas a significant reduction in P-GSK-3␤(Ser9) was only detected in the nuclear fraction (Fig. 8 D, E) . We could not detect levels of phosphorylated ␤-catenin in mixed cortical cultures. Total ␤-catenin levels were also assessed in the cytoplasmic fraction of cultures challenged with NMDA and treated with the Dkk-1 antisense oligonucleotides or with LiCl, as described above. Both treatments attenuated the reduction of total ␤-catenin levels induced by the NMDA pulse, whereas the Dkk-1 sense oligonucleotide had no effect (Fig. 8 D) . In contrast, Dkk-1 antisense treatment did not affect the reduction in nuclear P-GSK-3␤(Ser9) levels observed in cultures challenged with NMDA (Fig.  8 E) . Finally, cultures were treated with two concentrations of recombinant human Dkk-1 (10 or 100 ng/ml) applied either during or immediately after the NMDA pulse. Dkk-1 alone induced only a small increase in neuronal death, which was completely prevented in cultures treated with LiCl. When combined with NMDA, Dkk-1 potentiated NMDA toxicity in a concentration-dependent manner when applied either during the pulse (for only 10 min) or immediately after the pulse (and maintained for the next 24 h) (Fig. 9 A, B) . Treatment with 10 mM LiCl significantly reduced the toxicity induced by NMDA alone or NMDA plus Dkk-1, although Dkk-1 could still enhance NMDA toxicity in the presence of lithium ions (Fig. 9 A, B) .
Discussion
Negative modulators of the Wnt pathway can be divided into two classes: (1) the secreted Frizzled-related proteins (sFRPs), which bind directly to Wnt and include sFRP1 to sFRP5, Wnt inhibitory factor-1, and Cerberus; and (2) the Dkk proteins, which bind to the Wnt coreceptors, LRP5/LRP6, and include Dkk-1 to Dkk-4, and the Dkk-3-related protein Soggy (for review, see Kawano and Kypta, 2003) . Dkk-1 and Dkk-4 at least inhibit the canonical Wnt/Frizzled/GSK-3␤/␤-catenin pathway by forming a ternary complex with LRP6 and Kremen1/2 membrane receptors, thus promoting the endocytosis of the Wnt coreceptor, LRP6 (Mao et al., 2002) . A role for Dkk-1 has been extensively studied during early development, when Dkk-1 has a head-inducing activity (Glinka et al., 1998; Mukhopadhyay Figure 5 . A, Temporal profile of Dkk-1 expression in the hippocampus of rats subjected to global ischemia by four-vessel occlusion. Nissl staining and Dkk-1 immunostaining in adjacent sections of the CA1 and CA3 regions of a representative animal at different times after ischemia are shown. A, Nissl staining of the entire hippocampus is also shown. An identical Dkk-1 expression profile was found in all animals examined (n ϭ 6). The time-dependent expression of Dkk-1 protein in the CA1 region and DG of rats subjected to global ischemia by four-vessel occlusion is shown in B and C, respectively. Ctrl, Control. Values are means Ϯ SEM of four determinations. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus controls (sham-operated rats). RT-PCR analysis of Dkk-1 mRNA in the CA1 region of control and ischemic rats (n ϭ 3) is shown in D. Samples were not contaminated by genomic DNA, as indicated by the presence of a single 400 bp ␤-actin amplimer (see Materials and Methods).
et al., 2001
). We recently showed that Dkk-1 is induced in differentiated neurons challenged with ␤-amyloid peptide and is found in degenerating neurons of the Alzheimer's brain (Caricasole et al., 2004) . Inhibition of the Wnt pathway by Dkk-1 contributes to the execution of the death program and to hyperphosphorylation of the tau protein in ␤-amyloid-treated neurons (Caricasole et al., 2004) . Here, we extended the study to ischemic and excitotoxic neuronal damage, where a causal role for Dkk-1 was suggested by the following observations: (1) a clear induction of Dkk-1 was found both in cultured cortical cells challenged with NMDA and in hippocampal neurons of gerbils or rats subjected to transient global ischemia; (2) the temporal and regional profile of Dkk-1 expression correlated with the selective pattern of neuronal vulnerability in ischemic animals; and (3) the antisense-induced knockdown of Dkk-1 showed a substantial neuroprotective activity in both in vitro and in vivo models. Neuroprotection was also observed with lithium ions, which mimic the activation of the Wnt pathway by inhibiting GSK-3␤.
The study of global ischemia in gerbils offered the advantage of an accurate assessment of the regional profile of neuronal damage. Using the conventional 5 min occlusion paradigm, we detected a selective death of CA1 pyramidal neurons, which became substantial at 3 d after reperfusion. Remarkably, Dkk-1 was expressed selectively in CA1 neurons at times preceding neuronal death (6 and 24 h after ischemia). A correlation between Dkk-1 expression and ischemic death was strengthened by experiments in which we prolonged the occlusion time to 6 min. Under these conditions, neuronal damage was extended to the CA3 region and, ultimately, also to the DG. In these animals, Dkk-1 was first expressed in CA1 neurons and then to CA3 neurons, always at times that preceded neuronal death. A similar scenario was observed in rats subjected to four-vessel occlusion, in which neuronal death occurs selectively in CA1 neurons and becomes detectable Ͼ48 h after reperfusion (Calderone et al., 2003; Tanaka et al., 2004) . In these animals, an early expression of Dkk-1 (6 -48 h after ischemia) was selectively found in the CA1 region. Treatment with Dkk-1 antisense oligonucleotides was highly efficient in protecting CA1 and CA3 neurons in gerbils subjected to a 6 min ischemia, a condition that induced a substantial neuronal death in the hippocampus. Although it can be argued that oligonucleotides might be protective via nonspecific mechanisms and that Dkk-1 expression was not detected because neurons were not committed to death, this seems unlikely because Dkk-1 sense oligonucleotides were inactive. Neuroprotection by Dkk-1 antisenses was also found in mixed cultures of mouse cortical cells exposed to a transient toxic pulse with NMDA, reinforcing the hypothesis that induction of Dkk-1 contributes to neuronal death.
The Dkk-1 gene is targeted by the tumor-suppressing protein, p53 (Wang et al., 2000) , and induction of Dkk-1 is suppressed by p53 knock-down in neurons challenged with ␤-amyloid (Caricasole et al., 2004 ). An increased expression of p53 was still detected in CA1 neurons of ischemic gerbils treated with Dkk-1 antisenses, despite a full neuronal rescue (at least 3 d after ischemia). This suggests that induction of Dkk-1 is downstream of p53 and is a necessary requirement for the execution of the death program. This was a surprising finding, because Dkk-1 is not classically included in the list of p53-target proteins, which mediate the execution of cell death (for review, see Hofseth et al., 2004; Slee et al., 2004) . That idea that Dkk-1 can promote cell death is supported by the findings that its overexpression sensitizes brain tumor cells to apoptosis after alkylation damage of DNA (Shou et al., 2002) . A possible scenario occurring in ischemic neurons is Figure 6 . Total (A) and phosphorylated (B) ␤-catenin levels in the nuclear fraction and total ␤-catenin levels in the cytoplasmic fraction (C) prepared from the CA1 region of rats subjected to global ischemia. The anti-phospho-␤-catenin antibody we used recognizes phosphorylated epitopes at Thr41 and Ser45 of ␤-catenin. Values are means Ϯ SEM of four to six determinations. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus control values. Levels of Ser9 phosphorylated GSK-3␤ in the cytoplasmic and nuclear fractions prepared from the CA1 region of rats subjected to global ischemia are shown in D and E, respectively. Values are means Ϯ SEM of four to six determinations. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus control values. Ctrl, Control. that the induction phase of the damage leads to a massive influx of extracellular calcium and DNA damage, with a sequential induction of p53 and Dkk-1. Inhibition of the Wnt pathway by Dkk-1 might synergize with the classical proapoptotic program triggered by p53, reaching the threshold for neuronal death. One of the consequences of the impairment of Wnt signaling is an increased degradation of ␤-catenin resulting from disinhibition of GSK-3␤ (Kim et al., 2003; Levina et al., 2004 ). This will deprive suffering neurons from a trophic support provided by the gene program triggered by ␤-catenin (Willert and Nusse, 1998) . Dkk-1 may relieve the inhibitory constraint of the Wnt pathway on GSK-3␤ activity, leading to phosphorylation of ␤-catenin, which is degraded via the ubiquitin/proteasome complex and is no longer available for nuclear translocation (Aberle et al., 1997; Hart et al., 1998) . Alternatively, ␤-catenin can be phosphorylated by GSK-3␤ inside the nucleus (Bijur and Jope, 2003) . We found a substantial reduction of nuclear ␤-catenin levels associated with a relative increase in phosphorylated ␤-catenin in the CA1 region of ischemic rats. Levels of ␤-catenin did not change in the CA1 cytoplasmic fraction, perhaps because in that particular tissue, a large pool of cytoplasmic ␤-catenin is linked to cadherins and is not regulated by the Wnt pathway. A reduction of both nuclear and cytoplasmic ␤-catenin levels was instead detected in mixed cultures of cortical cells challenged with NMDA after 8 h (i.e., 2 h after the earliest detected increase in Dkk-1 expression). We also found an early reduction in the inhibited Ser9 phosphorylated form of GSK-3␤ in the CA1 nuclear fraction of ischemic rats. However, nuclear P-GSK-3␤(Ser9) levels recovered at later times despite an additional increase in the nuclear levels of phosphorylated ␤-catenin, suggesting that phosphorylation of GSK-3␤ at Ser9 is not under the control of the Wnt pathway and is not critical for the regulation of ␤-catenin phosphorylation. This was further supported by the following observations: (1) P-GSK-3␤(Ser9) levels were reduced in the cytoplasmic fraction from the rat CA1 region at 24 h after ischemia without any detectable change in cytoplasmic ␤-catenin; (2) there were no changes in cytoplasmic P-GSK-3␤(Ser9) levels in cultured neurons treated with NMDA despite the reduction in ␤-catenin levels; and (3) the NMDA-dependent reduction in nuclear P-GSK-3␤(Ser9) was still observed in cultures treated with Dkk-1 antisenses. Thus, our data are consistent with the view that the Wnt pathway inhibits GSK-3␤ independently of enzyme phosphorylation on Ser9 (Frame et al., 2001) .
In addition to promoting ␤-catenin degradation, inhibition of the Wnt pathway by Dkk-1 might also enhance the GSK-3␤-mediated phosphorylation of the tau protein with an ensuing impairment of cytoskeletal dynamics, as shown in neurons challenged with ␤-amyloid (Caricasole et al., 2004) . Although tau phosphorylation was not examined here, it is noteworthy that changes in tau phosphorylation have been observed during cardiac arrest-induced cerebral ischemia and reperfusion (Mailliot et al., 2000) , transient forebrain ischemia in rats (Shackelford and Yeh, 1998) , and in cortical slices subjected to hypoxia combined with glucose deprivation (Burkhart et al., 1998) .
Our results raise the intriguing possibility that Dkk-1 antagonists or drugs that rescue the Wnt pathway acting downstream of the Dkk-1 blockade are of potential value in the experimental treatment of brain ischemia. Dkk-1 antagonists are not yet available, but their rational design is allowed by the evidence that Dkk-1 and Wnts bind to two distinct recognition sites at the LRP5/LRP6 coreceptors (Zorn, 2001) . Drugs acting as inhibitors of GSK-3␤ may rescue the Wnt pathway despite an increased expression of Dkk-1. Among these, lithium ions are known to protect neurons against excitotoxic and ischemic death Wei et al., 2001; Xu et al., 2003; Senatorov et al., 2004) and, in ischemic gerbils and rats, lithium treatment was neuroprotective despite the increased expression of Dkk-1 (present data). In cortical cultures, lithium ions abolished the small neuronal toxicity induced by exogenous application of Dkk-1 and attenuated toxicity induced by NMDA alone or by NMDA combined with exogenous Dkk-1. However, exogenous Dkk-1 was still able to potentiate NMDA toxicity in the presence of lithium, suggesting that the combination of NMDA with pharmacological concentrations of Dkk-1 recruits additional neurotoxic pathways that are lithium insensitive. Although protection by lithium might be accounted for by multiple mechanisms (Chen et al., 2003; R. Hashimoto et al., 2002a R. Hashimoto et al., ,b, 2003 Ma et al., 2004) , our data support the hypothesis that inhibition of GSK-3␤ is a promising strategy in the treatment of brain ischemia. Brain-permeant synthetic GSK-3␤ inhibitors might offer the advantage of rescu- ing the Wnt pathway without inducing the harmful adverse effects typical of lithium treatment. Expression of Dkk-1 in cultures treated with mouse Dkk-1 antisense (Dkk-1-As) and sense (Dkk-1-S) oligonucleotides is also shown. Values are means Ϯ SEM of four to eight determinations from two independent experiments. *p Ͻ 0.05 (one-way ANOVA plus Fisher's PLSD) versus control cultures. C, Neuronal degeneration in mixed cortical cultures exposed to a 10 min pulse with 30 or 60 M NMDA and treated with Dkk-1-As or Dkk-1-S (1.5 M, added 16 h before the NMDA pulse and then immediately after the pulse) or with LiCl (10 mM, added immediately after the NMDA pulse). Neuronal death was assessed 24 h after the NMDA pulse. Values are mean Ϯ SEM of 12 determinations from three independent experiments and are expressed as the number of dead neurons (from 3 microscopic fields/well) and as LDH released in the culture medium from damaged or dead neurons. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus NMDA alone. Levels of ␤-catenin and P-GSK-3␤(Ser9) in the nuclear and cytoplasmic fractions of mixed cultures exposed to NMDA alone or combined with Dkk-1-As, Dkk-1-S, or LiCl (added as described above) are shown in D and E, respectively. Values are means Ϯ SEM of six to nine determinations. *p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus control values. Ctrl, Control. Neuronal degeneration induced by exogenous application of human recombinant Dkk-1 applied alone for 10 min or combined with NMDA during the excitotoxic pulse is shown in A. Ctrl, Control. The effect of exogenous Dkk-1 applied immediately after the NMDA pulse and maintained in the medium for the next 24 h (or applied for 24 h in cultures that were not challenged with NMDA) is shown in B. The effect of exogenous Dkk-1 on neuronal death in cultures treated with LiCl (10 mM), added immediately after the NMDA pulse, is also shown. Neuronal death was assessed 24 h after the NMDA pulse. Values are mean Ϯ SEM of six determinations and are expressed as number of dead neurons (from 3 microscopic fields/well) and as LDH released in the culture medium from damaged or dead neurons. p Ͻ 0.05; one-way ANOVA plus Fisher's PLSD versus basal conditions (*), NMDA alone (#), or the respective values obtained in the absence of lithium ( §).
